Functional neuroimaging studies have implicated the prefrontal cortex (PFCTX) in descending modulation of pain and the placebo effect. This study was performed to elucidate comprehensive PFCTX gene expression in an animal model of persistent trigeminal pain. Adult male C57BL/6J mice received facial carrageenan injection and showed sustained increase in nociceptive responses. Microarray analyses of differentially expressed genes in the PFCTX at 3 d after injection showed "immune system process" as the dominant ontology term and increased mRNA expression of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12, and Cd52 were verified by RT-PCR. Upregulation of S100A8, S100A9, and lipocalin 2 (LCN2) were confirmed by Western blots, and cells in the PFCTX were double immunolabeled with MPO, indicating they were neutrophils. Analyses of blood of facial carrageenan-injected mice also showed increased mRNA expression of these markers, suggesting transmigration of activated neutrophils into the brain. Other immune-related genes, Il2rg, Fcgr2b, C1qb, Ptprc, and Ccl12 were upregulated in the PFCTX but not blood. Approximately 70% of S100A9-positive cells in the PFCTX of carrageenan-injected mice were located in capillaries adherent to endothelial cells, whereas 30% were within the brain parenchyma. Carrageenan-injected mice showed significantly reduced nociceptive responses after injection of C terminus of murine S100A9 protein in the lateral ventricles and PFCTX but not somatosensory barrel cortex. Together, these findings demonstrate activation of immunerelated genes in the PFCTX during inflammatory pain and highlight an exciting role of neutrophils in linking peripheral inflammation with immune activation of the PFCTX and antinociception.
Introduction
Recent studies have indicated an important role of the prefrontal cortex (PFCTX) during pain. Activation of the PFCTX is consistently found in acute and chronic pain and models of experimental pain (Ingvar, 1999; Peyron et al., 2000; Maihöfner et al., 2004; Maihöfner and Handwerker, 2005) . Frontal lobe activity is associated with cognitive and attention processing during noxious stimulation (Baron et al., 1999; Maihöfner and Handwerker, 2005) , and increased activity of the PFCTX is associated with increased pain thresholds in experimental animals (Zhang et al., 1997) . Functional neuroimaging of the PFCTX shows increased activity during expectation of analgesia after administration of placebo, implying its involvement in the cognitive control of pain (Petrovic et al., 2002; Benedetti et al., 2005; Wager, 2005; Ramos, 2007) . Using functional molecular positron emission tomography imaging, placebo-induced activation of endogenous opioid neurotransmission is detected in a number of brain regions, including the rostral anterior cingulate, orbitofrontal and dorsolateral PFCTXs, insula, nucleus accumbens, amygdala, thalamus, hypothalamus, and periaqueductal gray (Zubieta and Stohler, 2009) . Neuroimaging and connectivity analyses indicate that increased activity of prefrontal and cingulate cortices decrease pain perception via the descending pain inhibitory system (Valet et al., 2004; Xie et al., 2009 ). This involves the periaqueductal gray (Mayer and Price, 1976; Brooks and Tracey, 2005) , which when stimulated, produces behavioral analgesia in rats, cats, monkeys, and humans (Basbaum and Fields, 1984; Cui et al., 1999) through descending influences that decrease the sensitivity of dorsal horn neurons to afferent noxious stimuli (Liebeskind et al., 1973) .
The more recent literature recognizes an important role of the immune system and glial cells in development of pain hypersensitivity (DeLeo et al., 2004; Scholz and Woolf, 2007; Ren and Dubner, 2008) . Immune cells, glia, and neurons also form an integrated network in which activation of an immune response modulates the excitability of pain pathways (Ren and Dubner, 2010) . Immune and immune-related cells, keratinocytes and vascular endothelial cells secrete anti-inflammatory cytokines, proresolution lipid mediators, and opioid peptides to suppress pain (Rittner et al., 2008; Hua and Cabot, 2010; Ren and Dubner, 2010) . In addition, microglia and astrocytes are immunocompetent cells that respond like immune cells within the CNS (Watkins and Maier, 1999) . Activated microglia release mediators that act on neurons and sensitize nociceptors (Verge et al., 2004; Coull et al., 2005; Zhuang et al., 2007) . Astrocytes are intimately associated with neurons and are in a unique position to regulate synaptic activity (Ren and Dubner, 2010) .
Despite the importance of the PFCTX in pain and analgesia, little is known about the associated changes in gene expression induced by pain. The present study was performed to elucidate comprehensive gene expression assessment and to determine the functional significance of the gene expression changes with respect to its effect on pain.
Materials and Methods

Animals and chronic inflammatory pain
Mice and facial carrageenan injection. Adult male C57BL/6J mice, 6 -8 weeks of age and weighing ϳ20 -30 g, were purchased from the Laboratory Animals Centre, Singapore. Treated mice received three facial injections of 50 l carrageenan each (2 mg/50 l saline of lambda carrageenan; Sigma) each in the subcutaneous tissue over the right/left ophthalmic, maxillary, and mandibular regions using a 1 ml sterile syringe with a 27 gauge ϫ 1 ⁄2 inch needle while still under anesthesia (75 mg/kg ketamine plus 1 mg/kg medetomidine). Carrageenan injection produced a constant swelling of ϳ4 mm in diameter and causes allodynia in the injected area in the days after the injection (Ng and Ong, 2001 ). Control mice were anesthetized but did not receive facial carrageenan injection. All procedures involving animals were in accordance with guidelines and regulations of the Committee for Research and Ethical Issues of International Association for the Study of Pain and approved by the Institutional Animal Care and Use Committee of National University of Singapore.
Assessment of mechanical allodynia. Mice were labeled with a coded number tag on their tails, to allow the behavioral responses of an individual mouse to be followed at different time intervals. Behavioral assessments were performed in a blinded manner as described previously (Vos et al., 1994) . Mice were tested individually in a deep rectangular stainless steel tank, sized 60 ϫ 40 ϫ 25 cm (length ϫ width ϫ height). The experimenter reached into the tank with a von Frey hair to habituate the mice to the reaching movements for 5-10 min before testing. Mice were observed during this time to ensure that they were able to move freely. Test stimuli were administered when the mice were neither moving nor freezing and with all four paws placed on the ground while exhibiting sniffing behavior. Subsequent stimuli were applied only when the mouse resumed this position after the preceding stimulation. The carrageenaninjected maxillary area of the face was probed 20 times with a von Frey hair (Touch-Test Sensory Evaluator; North Coast Medical). A filament delivering 1.4 g of force (4.17 log units ϭ 13.73 mN) was used. The number of immediate asymmetric face grooming/scratching strokes was summed to compute the total number of face strokes exhibited by an animal after 20 stimulations. The mean and SD of the total responses were then calculated for each experimental group, and possible significant differences between the means were elucidated using one-way ANOVA with Bonferroni's multiple comparison post hoc test. p Ͻ 0.05 was considered significant.
Microarray analyses
Sixteen mice were used in this portion of the study. Eight mice were uninjected controls. The remainder were injected with carrageenan on the left or right side of the face. Behavioral assessment was performed by von Frey hair stimulation of the injected maxillary area of the face or the corresponding uninjected controls (four mice in each group). The carrageenan-injected mice were killed after 3 d, at the estimated time of peak nociceptive responses. Sixteen independent samples for microarray analyses were used with no pooling of samples, four for the right PFCTX of mice receiving left-sided facial carrageenan injection, four for the right PFCTX of untreated controls, and similarly for the left PFCTX of mice receiving right-sided facial carrageenan injection and its corresponding controls. Mice were deeply anesthetized with intraperitoneal injection of 75 mg/kg ketamine plus 1 mg/kg medetomidine and decapitated. Brains were harvested, and the left and right PFCTXs were dissected out and stored at Ϫ80°C freezer until analysis. The dissected region of the PFCTX is the dorsolateral portion of the frontal cortex, 0 -1 mm from the frontal pole according to a mouse brain atlas of Paxinos and Franklin (2004) .
Gene expression profiles of the tissues were established using Affymetrix Mouse Genome 430 2.0 microarrays. Total RNA was isolated using TRIzol reagent (Invitrogen) according to the protocol of the manufacturer, and RNeasy Mini kit (Qiagen) was used to purify the RNA. The RNA was then submitted to the Biosensor Focus Interest Group Core Facility Lab at National University of Singapore, where RNA quality was determined using the Agilent 2100 Bioanalyzer, and cRNA was generated and labeled by the one-cycle target labeling method. The acceptance criteria for RNA quality were 260/280 ratio Ն 1.80 and RNA integrity number Ն 8.0. cRNA generated from each sample was hybridized to a single array according to standard Affymetrix protocols. Initial image analysis of the microarray chips was performed using the Affymetrix GCOS 1.2 software. Data were exported to GeneSpring version 7.3 (Agilent Technologies) software for additional analysis using parametric tests based on the cross gene error model. Unpaired t tests were used to identify differentially expressed genes between experimental and control animals. Differentially expressed genes were classified based on their known biological functions using the DAVID (Database for Annotation, Visualization, and Integrated Discovery) software (Dennis et al., 2003; Huang da et al., 2009 ).
Validation of microarray results
Real time RT-PCR. The same RNA extracted for the microarray analysis was used for the validation of the microarray results. Samples were reverse transcribed using High-Capacity cDNA Reverse Transcription kits (Applied Biosystems). Reaction conditions were 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. Real-time RT-PCR amplification was performed in the 7500 Real-time PCR system using TaqMan Universal PCR Master Mix and gene-specific primers and probes according to the protocols of the manufacturer (Applied Biosystems). ␤-Actin was used as an internal control. All primers and probes were synthesized by Applied Biosystems. The PCR conditions were an initial incubation of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All reactions were performed in triplicate. The threshold cycle (CT), which correlates inversely with the levels of target mRNA, was measured as the number of cycles at which the reporter fluorescence emission exceeds the preset threshold level. The amplified transcripts were quantified using the comparative CT method (Livak and Schmittgen, 2001 ) with the formula for relative fold change ϭ 2 Ϫ⌬⌬CT . The mean and SD were calculated, and possible significant differences were analyzed using Student's t test. p Ͻ 0.05 was considered significant.
Western blot analyses. Eight mice were used for this portion of the study. Four mice were injected with carrageenan on the left side of the face and killed 3 d after injection. The remaining four were used as untreated controls. They were deeply anesthetized and decapitated, and the right PFCTX was removed and homogenized in 10 vol of ice-cold lysis buffer (150 mM sodium chloride, 50 mM Tris hydrochloride, 0.25 mM EDTA, 1% Triton X-100, 0.1% sodium orthovanadate, and 0.1% protease inhibitor cocktail, pH 7.4). After centrifugation at 10,000 ϫ g for 10 min at 4°C, the supernatant was collected. The protein concentrations in the preparation were then measured using the Bio-Rad protein assay kit. Before resolving the sample, the proteins were denatured by heating the sample in the presence of SDS and a reducing agent (DTT) for 10 min at 95-100°C. Protein standards containing molecular weight of 250, 150, 100, 75, 50, 37, 25, 20, 15 , and 10 kDa were used (Precision Plus Protein Dual Color Standards; Bio-Rad). The homogenates (50 g) were resolved in 10% SDS-polyacrylamide gels under reducing conditions and electrotransferred to a polyvinylidene difluoride (PVDF) membrane. Nonspecific binding sites on the PVDF membrane were blocked by incubating with 5% nonfat milk in 0.1% Tween 20/TBS (TTBS) for 1 h. The PVDF membrane was then incubated overnight in goat polyclonal antibodies to S100A8 (diluted 1:50; Santa Cruz Biotechnology), S100A9 (diluted 1:50; Santa Cruz Biotechnology), or lipocalin 2 (LCN2) (diluted 1:200; R & D Systems), in 1% bovine serum albumin in TTBS. After washing with TTBS, the membrane was incubated with horseradish peroxidase-conjugated anti-goat IgG (1:1000 in TTBS; Pierce) for 1 h at room temperature. Negative controls were performed using protein samples of facial carrageenan-injected mice incubated with only secondary antibodies. Immunoreactivity was visualized using a chemiluminescence substrate (Supersignal West Pico; Pierce). Loading controls were performed by incubating the blots at room temperature for 10 min with stripping buffer (Restore Western Blot Stripping Buffer; Pierce), followed by reprobing with a mouse monoclonal antibody to ␤-actin (diluted 1:10,000 in TTBS; Sigma) and horseradish peroxidase-conjugated anti-mouse IgG (1:10,000 in TTBS; Pierce). Exposed films containing blots were scanned, and the densities of the bands were measured using Gel-Pro Analyzer 3.1 program (Media Cybernetics). The densities of the S100A8, S100A9, and LCN2 bands were normalized against that of ␤-actin, and the mean ratios were calculated. Possible significant differences between the values from the carrageenan-injected and control mice were then analyzed using Student's t test. p Ͻ 0.05 was considered significant.
Immunohistochemistry. Four 3-d post-carrageenan-injected mice and four untreated control mice were used for this portion of the study. The brains were fresh harvested without perfusion and immersed in 4% paraformaldehyde overnight. The brains were trimmed until the first sign of the PFCTX was observed (3.20 mm rostral to bregma) according to a mouse brain atlas (Paxinos and Franklin, 2004) . Forty to 50 sections of 12 m each were then collected, and one in six sections were selected for immunohistochemistry. The sections were subjected to antigen retrieval by heating at 95-99°C in Dako target retrieval solution for 20 min, followed by three washes in PBS. They were then incubated in a blocking solution composed of 5% donkey serum (Vector Laboratories) and 0.1% Triton X-100 for 1 h, followed by goat polyclonal antibodies to S100A8 (diluted 1:100 in PBS; Santa Cruz Biotechnology), S100A9 (diluted 1:100 in PBS; Santa Cruz Biotechnology), or LCN2 (diluted 1:100 in PBS; Santa Cruz Biotechnology), rabbit polyclonal antibody to myeloperoxidase (MPO; diluted 1:100 in PBS; Abcam), or rabbit polyclonal antibody to von Willebrand factor (vWF; diluted 1:500 in PBS; Santa Cruz Biotechnology) overnight. The sections were then washed three times in PBS and incubated for 1 h at room temperature in 1:200 dilutions of Alexa Fluor 488 anti-goat IgG and Alexa Fluor 555 anti-rabbit IgG (Invitrogen). Finally, sections were mounted and examined using a Carl Zeiss LSM 510 confocal microscope. The mean and SD of number of labeled cells per unit area were calculated, and possible significant differences were analyzed using Student's t test. p Ͻ 0.05 was considered significant.
Comparison of perfused versus non-perfused brain and findings from blood
Twenty-three days post-carrageenan-injected mice and four untreated controls were used for this portion of the study, to compare perfused versus non-perfused brain tissue. The blood was harvested by aspiration through the heart and collected in RNAprotect Animal Blood Tubes (Qiagen) for RT-PCR analyses before harvesting the brain. Of the 24 animals, four were untreated controls and perfused with 0.9% saline until the venous return was clear, and tissues were used for RT-PCR; four were injected with carrageenan and perfused, and tissues were used for RT-PCR; four were injected with carrageenan and non-perfused, and tissues were used for RT-PCR; four were injected with carrageenan and perfused, and tissues were used for immunohistochemistry; and four were injected with carrageenan and non-perfused, and tissues were used for immunohistochemistry. Real-time RT-PCR and immunohistochemistry were performed as in the validation study described above. The mean and SD of the number of S100A9-expressing cells in blood vessels or brain parenchyma/unit area were calculated, and possible significant differences were analyzed using Student's t test. p Ͻ 0.05 was considered significant.
Functional analyses
Synthesis of S100A9 peptide. A peptide identical to the C terminus of murine S100A9 protein (mS100A9p
was synthesized by GenScript based on a previously published sequence (Raftery et al., 1996) . This peptide was synthesized in solid phase by the fluorenylmethyloxycarbonyl technique. The characterization and purification of the peptide was performed by HPLC, and its mass was evaluated by ESI-MS. The peptide were diluted in saline at a final concentration of 2 mg/ml. Intracerebroventricular mS100A9p injection. A total of 40 mice divided into five groups of eight mice each were used in this portion of the work. Two groups received left facial carrageenan injection and bilateral intracerebroventricular injection of 2 or 0.25 g/l mS100A9p (GeneScript) in a volume of 1 l in each ventricle on the third day after facial carrageenan injection (coordinates: 0.7 mm caudal to bregma, 1.0 mm lateral to the midline, 2.0 mm from the surface of the cerebral cortex) (Yeo et al., 2004) . The dose of mS100A9p was determined based on a pilot study using a small number of animals. Another group (eight mice) received left facial carrageenan injection and bilateral intracerebroventricular injection of saline (vehicle control) on the third day after facial carrageenan injection. The remaining two groups (eight mice per group) were controls without facial carrageenan injection that received bilateral intracerebroventricular injection of 2 g/l mS100A9p or 1 l of saline in each ventricle on the third day. Responses to von Frey hair stimulation were quantified daily in a blinded manner as described above.
PFCTX mS100A9p injection. A total of 40 mice divided into five groups of eight mice each were used in this portion of the work. Two groups received left facial carrageenan injection and bilateral intracortical injection of 2 or 0.5 g/l mS100A9p in a volume of 0.5 l each into both left and right dorsolateral PFCTX on the third day after facial carrageenan injection (coordinates: 2.5 mm rostral to bregma, 1.5 mm lateral to the midline, 1.5 mm from the surface of the cerebral cortex) (Paxinos and Franklin, 2004) . The doses were determined based on a pilot study using a small number of animals. Another group (eight mice) received left facial carrageenan injection and bilateral intracortical injection of saline (vehicle control) on the third day after facial carrageenan injection.
The remaining two groups (eight mice per group) were control groups (without facial carrageenan injection) that received bilateral intracortical injection of 2 g/l mS100A9p or saline, in a volume of 0.5 l each into both left and right dorsolateral PFCTX on the third day. Responses to von Frey hair stimulation were quantified daily in a blinded manner. Mean and SD of the total responses were then calculated for each experimental group, and possible significant differences between the means were examined using one-way ANOVA with Bonferroni's multiple comparison post hoc test. p Ͻ 0.05 was considered significant.
Somatosensory cortex mS100A9p injection. An additional two groups of eight mice each were used to study the effect of mS100A9p in the somato- sensory (barrel) cortex. The same dose as the PFCTX injections was used. The two groups received left facial carrageenan injection and bilateral intracortical injection of either 2 g/l mS100A9p or saline in a volume of 0.5 l into both left and right somatosensory cortex on the third day after facial carrageenan injection (coordinates: 1.5 mm caudal to bregma, 3 mm lateral to the midline, 1.5 mm from the surface of the cerebral cortex) (Paxinos and Franklin, 2004) . Responses to von Frey hair stimulation were quantified daily in a blinded manner as described above.
Results
Animal model of chronic inflammatory pain
Facial carrageenan-injected mice showed increasing response behaviors to stimulation with the von Frey filament up to the third day after carrageenan injection. Statistically significant increases in responses compared with control mice were established at post-injection days 1, 2, and 3 (Fig. 1) . The mice were killed on the third day after injection, corresponding to the estimated time of peak nociceptive responses, based on previous studies and were used for microarray and real-time RT-PCR validation.
Microarray analyses
The gene expression profiles in the right PFCTX of mice that received left facial carrageenan injection were compared with the corresponding data of untreated controls, and differentially expressed genes with p value of Ͻ0.05 were further analyzed. Of these, 194 genes had fold change Ն1.5. Similarly, gene expression profiles of the left prefrontal cortices in mice that received right facial carrageenan injection were compared with data from untreated controls, and differentially expressed genes with p Ͻ 0.05 were further analyzed. Of these, 467 genes were altered at a fold change of Ն1.5. Genes that were common to the 467 and 194 genes in the PFCTX after either left-or right-sided facial carrageenan injection were further identified. This step was taken to increase the yield for greater pain-related specificity, minimizing the impact of false positives and to disregard possible side-specific changes in the function of the PFCTXs. The result was a list of 76 genes, of which genes with uncertain ontology were ignored, leaving 48 known genes that had Ն1.5-fold change (Table  1) . They were classified using the Gene Ontology (GO) term enrichment analysis from the DAVID resource website (http:// david.abcc.ncifcrf.gov/) (Dennis et al., 2003; Huang da et al., 2009) . It was found that the categories with the lowest Fisher's exact p value (12 of the 48 genes) were annotated with the GO term "immune system process" (Fisher's exact p value ϭ 2.4E-6). All 12 genes in this category, together with S100a8 and Lcn2, were selected for additional validation in this study.
Changes in gene expression that were unique to either the left or right PFCTX were also analyzed. Three hundred ninety-one and 118 genes were exclusively altered in the left and right PFCTXs, respectively. These included 161 and 54 known genes that had Ն1.5-fold change in the left or right PFCTXs, respectively. Genes that were differentially expressed only in the left PFCTX were annotated with GO terms such as "response to DNA damage stimulus," "DNA repair," and "cellular response to stress"; those that are differentially expressed only in the right PFCTX were annotated with GO terms such as "response to stimulus," "immune system process," and "response to external stimulus" (data not shown).
Validation of microarray results
Real time RT-PCR
Real-time RT-PCR was used to validate the results of the microarray analyses for the genes identified above. Ten of 14 genes could be validated in the PFCTX contralateral to the side of the facial carrageenan injection, namely S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52. The relative fold changes of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52 for the right PFCTX after left facial carrageenan injection were 12.6, 10.6, 24.0, 2.3, 1.7, 2.1, 1.6, 2.5, 2.1, and 1.9, respectively ( Fig. 2A) , whereas the relative fold changes of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52 for the left PFCTX after right facial carrageenan injection were 29.0, 29.6, 26.3, 2.8, 2.1, 2.7, 1.8, 2.5, 3.4, and 2.6, respectively (Fig. 2B) .
Real-time RT-PCR analyses of the PFCTXs ipsilateral to the facial carrageenan injection showed similar increases in gene expression compared with data established for the contralateral PFCTXs. The relative fold changes of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52 for the left PFCTX after left facial carrageenan injection were 15.2, 16.4, 24.8, 2.8, 2.0, 2.7, 1.8, 2.3, 2.8, and 2.3, respectively (Fig. 2C) , whereas the Western blot analyses of S100A8, S100A9, and LCN2 in PFCTX homogenates of untreated and 3 d facial post-carrageenan-injected mice. A, The antibody to S100A8 detected a single band at ϳ10 kDa in homogenates from facial carrageenan-injected mice but not untreated controls. B, The antibody to S100A9 detected a single band at ϳ13 kDa in homogenates from carrageenan-injected mice. C, The antibody to LCN2 detected a single band at ϳ 23 kDa in homogenates from carrageenan-injected mice. No bands were detected in negative controls. D, Quantitation of densitometry readings. Significant increase in the density of detected bands was observed in carrageenan-injected mice compared with untreated controls. Analyzed by Student's t test. *p Ͻ0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
relative fold changes of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52 for the right PFCTX after right facial carrageenan injection were 16.8, 12.4, 18.8, 2.8, 2.0, 2.2, 1.8, 3.2, 3.1, and 2.6, respectively (Fig. 2 D) .
Western blot analyses
Antibodies to S100A8, S100A9, and LCN2 detected bands at 10, 13, and 23 kDa, respectively, in PFCTX homogenates, consistent with the expected molecular weights of these proteins (Grim- Figure 4 . Immunohistochemical labeling of S100A8, S100A9, or LCN2 in the PFCTX. A-C, S100A8 immunolabeled sections of the PFCTX. Low level of S100A8 labeling is present in the cortex of untreated controls (A), but an increased number of stained cells is present in the PFCTX of facial carrageenan-injected mice (B, arrows). C, Higher-magnification micrograph from a facial carrageenan-injected mouse showed colocalization of S100A8 with MPO, a neutrophil marker (red-green overlay, arrow). D-F, S100A9 immunolabeled sections of the PFCTX. Low level of S100A9 labeling is present in the cortex of untreated controls (D), but an increased number of stained cells is present in the PFCTX of facial carrageenan-injected mice (E, arrows). F, Higher-magnification micrograph from a facial carrageenan-injected mouse showed colocalization of S100A9 with MPO (red-green overlay, arrow). G-I, LCN2 immunolabeled sections of the PFCTX. Low level of LCN2 labeling is present in the cortex of untreated controls (G), but an increased number of stained cells is present in the PFCTX of facial carrageenan-injected mice (H, arrows). I, Higher-magnification micrograph from a facial carrageenan-injected mouse showed colocalization of LCN2 with MPO (red-green overlay, arrow). J, Significantly increased number of S100A8-, S100A9-, and LCN2-expressing cells are detected in the PFCTX of carrageenan-injected mice compared with untreated controls. Analyzed by Student's t test. *p Ͻ 0.05; **p Ͻ 0.01. The areas examined were 2 ϫ 1.6 mm (3.2 mm 2 ), and the arrows in the figures indicate some of the immunopositive cells. Scale  bar: A, B, D, E, G, H, 400 m; C, F, I , 10 m. baldeston et al., 2003; Yan et al., 2007; Johansson et al., 2008) . No band was detected in the negative control experiment. The antibody to ␤-actin reacted against a band at 42 kDa. Significant increases in the density ratios of S100A8, S100A9, and LCN2 to ␤-actin with ratios of 2.9, 10.3, and 22.5, respectively, were observed in the 3 d post-carrageenan-injected mice compared with matched control mice, indicating upregulation of S100A8, S100A9, and LCN2 (Fig. 3) .
Immunohistochemistry
Immunofluorescence labeling for S100A8 protein showed very few immunopositive cells in the PFCTX of the control mice (Fig.  4 A) . In comparison, increased expression of S100A8 was detected in the PFCTX of mice, 3 d after facial carrageenan injection (Fig. 4 B) . Double immunolabeling showed that S100A8 was colocalized with MPO, a neutrophil marker (Fig. 4C) . Likewise, very few cells were immunolabeled for S100A9 in the PFCTX of the control mice (Fig. 4 D) , but an increased number of immunopositive cells was detected in the PFCTX of mice 3 d after facial carrageenan injection (Fig. 4 E) . The immunopositive cells were double labeled with MPO (Fig. 4 F) . LCN2 showed very few or no immunopositive cells in the PFCTX of the control mice (Fig. 4G) , but upregulation was observed in the PFCTXs of carrageenaninjected mice (Fig. 4 H) . The LCN2-positive cells were double labeled with MPO (Fig. 4 I) . S100A8-, S100A9-, and LCN2-labeled cells appear evenly distributed in the cortex, and only occasional cells are found at the junction of cortex and the pia mater. Quantitative analyses showed that S100A8, S100A9, and LCN2 were localized in 82 Ϯ 2.9, 78 Ϯ 1.9, and 86 Ϯ 1.5% of MPO-positive cells, respectively, indicating that they were localized in neutrophils (Fig. 4 J) .
Comparison of perfused versus non-perfused brain and findings from blood RT-PCR of brain
Increased expression of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12, Cd52 , and Mpo were detected in the right PFCTXs of perfused mice after left facial carrageenan injection compared with perfused control mice. The relative fold changes were 15.3, 16.7, 28.6, 2.1, 2.1, 1.9, 1.7, 1.8, 3.1, 2.4, and 2.8, respectively. No significant differences were observed between non-perfused PFCTXs and perfused PFCTXs (Fig. 5A ).
RT-PCR of blood
Significantly increased expression of S100a8, S100a9, Lcn2, Fcgr1, Cd52, and Mpo were detected in the blood of 3 d facial postcarrageenan-injected mice compared with control mice. The relative fold changes were 9.9, 6.7, 18.4, 3.6, 2.7, and 4.4, respectively. The remaining genes that were not significantly altered in the blood include Il2rg, Fcgr2b, C1qb, Ptprc, and Ccl12 (Fig. 5B) .
Immunohistochemical analyses of non-perfused versus perfused PFCTX
The relation between S100A9-positive cells and brain capillaries was examined by double immunolabeling with an endothelial cell marker, vWF. The PFCTX of facial carrageenan-injected mice showed an increased number of S100A9-positive cells. The cells were localized in capillaries (71 Ϯ 4.2%) or the brain parenchyma (29 Ϯ 4.2%) (Fig. 6 A) .
As with non-perfused tissues, perfused PFCTX of facial carrageenan-injected mice showed an increased number of S100A9-positive cells. S100A9-expressing cells were localized in capillaries (69 Ϯ 2.4%) or the brain parenchyma (31 Ϯ 2.4%) (Fig. 6 B) . No significant difference in the number of S100A9-expressing cells was found between perfused and non-perfused PFCTX (Fig. 6C) .
Functional analyses Intracerebroventricular injection of mS100A9p
Mice that received bilateral intracerebroventricular injection of 2 g of mS100A9p in each lateral ventricle on the third day after facial carrageenan injection showed significantly reduced nociceptive responses 12 h after injection compared with facial carrageenan plus intracerebroventricular saline-injected mice (Fig.  7A) . Carrageenan-injected mice that received bilateral intracerebroventricular injection of 0.25 g of mS100A9p in each ventricle showed no significant difference from controls that received facial carrageenan plus intracerebroventricular saline. Mice in- jected with mS100A9p and without facial carrageenan injection showed no difference in responses from baseline.
Intracortical injections of mS100A9p into the PFCTX or somatosensory cortices
Mice that received bilateral intracortical injection of 1 g of mS100A9p (per side) in the dorsolateral PFCTX on the third day after facial carrageenan injection showed significantly reduced nociceptive responses 12 h after injection compared with facial carrageenan plus intracortical saline-injected mice (Fig. 7B) . In contrast, bilateral intracortical injection of 1 g of mS100A9p (per side) into the somatosensory cortex showed no significant difference compared with controls and absence of antinociception (Fig. 7C) .
Discussion
The present study was performed to determine gene expression changes in the PFCTX during inflammatory pain. Analysis of microarray data of the PFCTX after facial carrageenan injection indicates "immune system process" as the dominant ontology term based on the lowest Fisher's exact p value. Increased expression of S100a8, S100a9, Lcn2, Il2rg, Fcgr1, Fcgr2b, C1qb, Ptprc, Ccl12 , and Cd52 were verified by real-time RT-PCR in the ipsilateral and contralateral PFCTXs after carrageenan injection to either side. S100A8 and S100A9 are members of the S100 family of calcium binding proteins, which are highly expressed in neutrophils and monocytes (Gebhardt et al., 2006; Soyfoo et al., 2009) . They are involved in cytokine gene regulation (Sunahori et al., 2006) , arachidonic acid binding/shuttling (Kerkhoff et al., 1999 (Kerkhoff et al., , 2001 , and regulation of endothelial cell integrity. S100A8/S100A9 induces loss of cell-cell contacts and increased permeability of endothelial monolayers, leading to increased leukocyte extravasation during inflammation (Newton and Hogg, 1998; Viemann et al., 2005 Viemann et al., , 2007 . The finding of high levels of expression of S100A8 and S100A9 in the PFCTX after inflammatory pain induced by facial carrageenan injection is consistent with results of a previous study, which showed increased S100A8 and S100A9 transcripts in the frontal cortex after hindpaw inflammation (Mitchell et al., 2008) . LCN2 is expressed in macrophages (Flo et al., 2004) and neutrophils (Bundgaard et al., 1994) and is an important component of the innate immune response (Flo et al., 2004) . Interleukin 2 receptor, gamma chain (IL2RG) is a component of the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15, is expressed on the surface of neutrophils and is critical for the development and function of lymphocytes (Habib et al., 2002; Ratthé et al., 2007) . The highaffinity IgG receptor Fc␥RI (CD64) is expressed on the surface of neutrophils and monocytes (Kakinoki et al., 2004) and smallsized neurons (Andoh and Kuraishi, 2004) and is implicated in pain (Handwerker et al., 1991) . Fc␥RIIb (CD32) is expressed on B lymphocytes (Blank et al., 2005) and regulates the function of these cells (Rahman et al., 2007) . C1QB is one of the heterotrimers of C1q that is involved in the complement cascade of innate immune response (Sontheimer et al., 2005) and is expressed in neurons (Spielman et al., 2002) . Protein-tyrosine phosphatase, receptor-type C (PTPRC) is expressed by leukocytes and plays a role in lymphocyte activation (Forsyth et al., 1993) . Chemokine (C-C motif) ligand 12 (CCL12) is expressed in macrophages and is a potent monocyte chemotactic factor that signals through CCR2 (Sarafi et al., 1997) . CD52 is a cell-surface glycoprotein expressed by B and T lymphocytes, natural killer cells, monocytes, and macrophages (Rodig et al., 2006) . The above genes are involved in the regulation of inflammatory and immune processes.
Genes associated with interferon function were also altered in the PFCTX after facial carrageenan injection. These include interferon, ␣-inducible protein 27 (Ifi27 ), interferon-induced transmembrane protein 1 (Ifitm1), and interferon-induced transmembrane protein 3 (Ifitm3). Ifi27 belongs to a family of small, interferon-␣-inducible genes and is upregulated in keratinocytes of psoriatic skin (Suomela et al., 2004) . Ifitm1 and Ifitm3 belong to a family of interferon-induced transmembrane genes that encode cell-surface proteins that modulate cell adhesion and influence cell differentiation . Interferon may induce upregulation of immune-related genes in the PFCTX after facial carrageenan injection.
Genes encoding adhesion molecules were increased in the PFCTX after facial carrageenan injection. These include ␣4-integrins (Itga4 ), intercellular adhesion molecule (Icam1), junction adhesion molecule 2 (Jam2), and claudin 5 (Cldn5). ␣4-Integrins are important adhesion molecules involved in the recruitment of lymphocytes, monocytes, and neutrophils during inflammation (Johnston et al., 1996; Johnston and Kubes, 1999) . ICAM-1 is expressed on endothelial cells and is important in transendothelial migration of leukocytes (Antonelli et al., 2001; Frank and Lisanti, 2008) . JAM2 is expressed in venules and plays an important role in tight junction assembly in epithelial and endothelial cells (Liu et al., 2000; Johnson-Leger et al., 2002) . CLDN5 is a transmembrane protein present in tight junctions of endothelial cells and is a component of the blood-brain barrier (Nitta et al., 2003; Amasheh et al., 2005) . Increased expression of the adhesion molecules may enhance transmigration of leukocytes in the PFCTX during inflammatory pain.
There was no significant difference in gene expression between non-perfused and perfused PFCTXs 3 d after facial carrageenan injection. In contrast, a previous study demonstrated significantly lower spinal levels of S100a8 and S100a9 transcripts in perfused compared with nonperfused animals 24 h after hindpaw inflammation (Mitchell et al., 2008) . It is possible that leukocytes are more strongly adherent to the endothelium at 3 d postcarrageenan injection. Moreover, immunohistochemical analyses demonstrated that ϳ70% of S100A9-expressing cells were localized in capillaries adherent to vWF-positive endothelial cells, and 30% were found in the brain parenchyma in both perfused and non-perfused PFCTXs after facial carrageenan injection.
Analyses of the blood of facial carrageenan-injected mice showed increased expression of several genes that were upregulated in the PFCTX, i.e., S100a8, S100a9, Lcn2, Fcgr1, Cd52, and Mpo. This suggests preactivation of leukocytes at the site of carrageenan-induced inflammation and transmigration of activated circulating leukocytes into the brain. In contrast, other immune-related genes, Il2rg, Fcgr2b, C1qb, Ptprc, and Ccl12 were upregulated in the PFCTX, but not blood. These may be induced in neural cells as a result of increased neuronal activity during pain or as a result of entry of leukocytes into the brain and interaction with neural tissues. Additional work is necessary to elucidate the nature of these potential interactions. A peptide, identical to the C terminus of murine S100A9 protein (mS100A9p), was synthesized and bilaterally injected into the lateral ventricles or the dorsolateral prefrontal cortices at peak nociceptive response. Mice that received mS100A9p injection in the lateral ventricles or PFCTX showed significantly reduced responses, whereas no significant difference was found after injection into the somatosensory barrel cortex compared with controls. The results suggest that the effect of mS100A9p was attributable to its action at the PFCTX. The findings are consistent with a previous study that showed antinociceptive effect of intraperitoneally administered S100A9 in a mouse model of acute inflammatory peritonitis (Giorgi et al., 1998) . Interestingly, spontaneous neuropathic pain attributable to chronic constriction injury in rats was also reduced after treatment with mS100A9p by intraplantar, oral, or intrathecal routes (Paccola et al., 2008) . One explanation is that mS100A9p interferes with primary afferent nociceptive signaling by inhibiting N-type voltage-dependent calcium channels (Dale et al., 2009 ). Another possibility is that S100A8-, S100A9-, and LCN2-associated neutrophil infiltration in the PFCTX could lead to immune activation and increased neuronal activity of the PFCTX, resulting in descending control of pain and antinociception.
Our previous microarray study on the brainstem after facial carrageenan injection has shown 22 genes with more than twofold change (Poh et al., 2009) . Five genes were identified in common between the brainstem and PFCTX, Lcn2, Vwf, Icam-1, Ccl12, and suppressor of cytokine signaling 3 (Socs-3). Although both the brainstem and PFCTX showed upregulation of immune response and proinflammatory genes, it is possible that defense/ immune cell and endothelial activation in the brainstem after facial carrageenan injection could be pronociceptive (Poh et al., 2009) , whereas activation of immune cells in the PFCTX may have an antinociceptive effect. Moreover, certain genes, such as S100a8 and S100a9, were upregulated in the PFCTX but not brainstem. Site-specific changes in different regions of the CNS may be potential targets for control of pain.
Microarray results suggest side differences between left and right PFCTXs that are induced by pain. The difference of 467 altered genes in the left PFCTX in contrast to the 194 genes in the right PFCTX could point to a functional laterality of the PFCTX. However, additional study is necessary to ascertain this finding.
In conclusion, this study demonstrates activation of immune-related genes in the PFCTX during inflammatory pain. It highlights an exciting role of neutrophils in linking peripheral inflammation with immune activation of the PFCTX and antinociception.
